Abstract The natural gas condensates are composed of various components of hydrocarbons and some contaminants such as hydrogen sulfide, thiols (mercaptans), and aromatics. Thus, the natural gas condensates could be considered as a fuel resource. This study concerned the simulation of an Ultra-Deep Hydrodesulfurization (UDHDS) unit plus a distillation section to treat a combination of gas condensate and disulfide oils (DSO) and produce clean fuel cuts. Gas condensate of South Pars field of Iran with high sulfur content was applied to obtain clean fuel cuts. In order to reduce the sulfur content of this stream to less than 10 ppmw as sulfur, a UDHDS unit was simulated using Aspen HYSYS software package. The clean gas condensate leaving the UDHDS unit (with sulfur content \10 ppmw) contains complex mixtures of hydrocarbon components called petroleum cuts which are identified by their boiling points ranges. To obtain the narrow fractions of butane, light naphtha, heavy naphtha, kerosene, and gasoil, a fractional distillation system was simulated. The simulation results revealed that the top products of distillation column, namely butane, light naphtha, and heavy naphtha were sulfur free and the sulfur contents of kerosene and gasoil cuts were 12 and 27 ppmw as sulfur, respectively.
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Introduction
Looking at the world's growing demand for new energy resources, experts in the field of oil and energy can obviously realize that oil industry has to find new fuel supplies and upgrade their qualities. The natural gas condensates can catch their attention as they contain complex mixtures of hydrocarbon components. Natural gas condensate is known as a low-boiling mixture of hydrocarbon liquids that are present as gaseous components in the raw natural gas produced from many natural gas fields [1] . Therefore, in addition to crude oil, the natural gas condensate can be an appropriate resource for oil industry to augment the fuel production. According to the report of International Energy Agency (IEA), the South Pars/North Dome field, which is located in the Persian Gulf, is the world's largest gas field and shared between Iran and Qatar. This field holds an estimated 1800 trillion cubic feet (51 trillion cubic meters) of in situ natural gas and some 50 billion barrels (7.9 billion cubic meters) of natural gas condensates. 1 However, the gas condensate of this field is substantially sour as it is estimated that the sulfur content of gas condensate of South Pars field is more than 2000 ppmw as sulfur. The sulfur content of fuels is currently considered as a major factor contributing to pollution of the atmosphere.
Accordingly, the U.S. Environmental Protection Agency limited the sulfur content of most diesel fuels to 15 ppm from a level of 500 ppm in 2006. The similar environmental regulations in Europe forced petroleum industries to reduce the sulfur content for on-road diesel fuels from the level of 350-50 ppm by 2005 and to 10 ppm by 2009. Furthermore, based on the Euro V criterion, the bound for fuels, in terms of total sulfur content has to be less than 10 ppm as sulfur. The sulfuric compounds in fossil fuels are divided into nonaromatic and aromatic compounds. The first group includes sulfides, disulfides, and mercaptans (thiols) and the second one includes thiophenes, benzothiophenes, dibenzothiophenes, and benzonaphthothiophenes. The former has much more reactivity than the other sulfuric compounds while the latter, particularly benzothiophenic and dibenzothiphenic derivatives, are difficult to desulfurize. Hydrodesulfurization (HDS) is known as one of the most efficient methods to reduce the sulfur content of hydrocarbons regarding universal criteria. This process can be extremely effective in removing both types of sulfuric compounds. In this plant, the reaction takes place under high temperature and high hydrogen pressure in the presence of a catalyst. HDS process can accomplish desulphurization and in the meanwhile it can remove nitrogen and metal compounds, and also carry out deoxidation.
Based on the advantages of hydrodesulfurization process-removing less than 10 ppm sulfur, decreasing the amount of environmental pollutants, increasing the age of catalysts, simple operation of process unit to name but a few-it is considered as an appropriate method to reduce the sulfur content of gas condensate [2] [3] [4] [5] [6] [7] . There are some studies investigating the simulation and modeling of HDS plants. The research conducted by S. Bilal et al. [8] focused on the simulation of an HDS unit using Aspen HYSYS with the aim of removing impurities such as sulfur and nitrogen from raw kerosene. F. Jiménez et al. [9] carried out computer-aided modeling as a tool for the investigation of simultaneous Hydrodesulfurization (HDS), Hydrodenitrogenation (HDN), and Hydrodearomatization (HDA) of a vacuum gasoil (VGO) in which reactions took place in industrial reactors. Another study explored the use of different artificial neural network (ANN) architectures in creating various models of the HDS process for the prediction of sulfur removal from naphtha [10] . Ultra-Deep Hydrodesulfurization (UDHDS) process is considered as one of the subbranches of the conventional HDS process which is conducted in the severe process conditions and using different catalyst to obtain the lower amount of sulfur content.
In addition to the HDS unit, a distillation system is required to obtain clean cuts. However, the order of these two sections is a problem. Based on a technical recommendation study report given by HQCEC, the hydrogenation plus fractionation process to treat naphtha can produce clean product with high quality and low impurity content compared with the fractionation plus hydrogenation units. Moreover, the energy consumption of these two plants was approximately equal. In terms of investment, the system capacity of hydrogenation plus fractionation process is slightly higher than that of the fractionation plus hydrogenation processes [11] . However, in these studies, costs and problems caused by sour petroleum cuts have been ignored. Gas condensate of South Pars field is currently sent to refineries to produce fuel cuts or sold in markets. In both cases, gas condensate with high sulfur content or sour petroleum cuts can seriously damage pipelines and process equipment due to corrosion and push up the cost of process. In the present study, it has been assumed that the primary design of sulfur removal unit for gas condensate should be based on the UDHDS plant plus a fractional distillation unit.
Regarding the world's increasing need for clean fuels as well as environmental issues resulting from high-sulfur fuel burning, it was assumed that a new UDHDS unit treating the natural gas condensate of South Pars field and producing the ultra-low sulfur fuel cuts from them would attract investments and get back more interests in the universal markets. Moreover, this process can protect downstream equipment from corrosion and cut down costs of maintenance. Furthermore, there is an environmental issue which is related to the production of disulfide oil. The substance, commonly known as disulfide oil (DSO), can comprise 17 different disulfides and trisulfides with monoalkyl chain lengths no greater than C4. Evidence demonstrates that the lowest series member, dimethyl disulfide (DMDS), can display the highest toxicity. DSO possesses high aquatic toxicity, moderate environmental persistence, high repeated dose toxicity, carcinogenicity, and reproductive/developmental effects [12] .
DSOs (mainly dimethyl and diethyl disulfides) are formed in considerable amounts in the process of hydrocarbon demercaptanization in refineries. Presently, there is no practical application for DSO. Furthermore, destruction of DSO by combustion would lead to the formation of sulfur dioxide and carbonyl compounds which can pollute the atmosphere. Fortunately, DSOs are highly active in the catalytic reaction with hydrogen and they can be easily removed and converted to alkanes and hydrogen sulfide in the hydrodesulfurization process.
Therefore, the aim of this study is the simulation of a new UDHDS unit plus a distillation section in South Pars refinery which would treat the natural gas condensate with high sulfur content and produce clean and sellable fuel cuts. Moreover, regarding aforementioned problems caused by DSOs in this refinery, in this simulation a stream of DSOs was added to gas condensate which was sent to UDHDS unit as a feed. The simulated UDHDS unit plus distillation section would treat gas condensate and totally remove DSOs from this refinery. The results of the present work can be used to build a new UDHDS unit to treat the gas condensate of South Pars field and produce clean fuel cuts. The main difference between this UDHDS process and conventional UDHDS processes is related to the feed of this simulated unit which is a combination of gas condensate and DSO while the feed of the conventional UDHDS units is usually petroleum cuts like naphtha, gasoil, or kerosene. In this simulation, it was assumed that the total sulfur content of gas condensate after treatment should reach less than 10 ppmw as sulfur.
At the end, a distillation column was joined to the simulation in order to obtain the clean cuts of butane, light and heavy naphtha, kerosene, and Gasoil from treated gas condensate.
Methods and materials
The specification of gas condensate based on TBP (True Boiling Point) used in this study is shown in Table 1 . In addition, Fig. 1 shows the boiling point curve of gas condensate. Tables 2 and 3 indicate the non-sulfuric and sulfuric components of gas condensate.
The feed of UDHDS unit was the gas condensate flow combined with a stream of DSO. It should be taken into consideration that at the ambient conditions (temperature 27°C and atmospheric pressure) DSO is totally dissolvable in gas condensate. The boiling points and mass contents of two sulfuric compounds of the DSO used in this study are shown in Table 4 .
It was assumed that the flow of DSO with volumetric rate of 293 barrels per day (the maximum daily produced rate of DSO in the South Pars refinery) was mixed with 40,000 barrels per day of gas condensate. This mixed stream was called feed and it was sent to UDHDS unit. Reducing the sulfur content of feed flow to less than 10 ppm as sulfur, the simulated UDHDS unit could completely remove DSO. Fig. 1 The boiling point curve of gas condensate In order to simulate the UDHDS unit plus a distillation section to treat gas condensate plus DSO stream, Aspen HYSYS software package was used. The first step in this simulation is related to definition of feed stream for the software. A new case should be generated. Then, before starting the characterization process, a property package should be selected and all the non-oil components, specifically the light ends which are pure components with low boiling points, components in the boiling point range of C2 to n-C5 as well as all sulfuric components had to be added. Next, Enter Basis Environment and Oil Manager Tabs should be selected, respectively, in order to define oil characterization and through this section the assay of gas condensate based on its True Boiling Point (TBP) was defined. In addition, bulk properties for the sample might also be supplied. In the cases that a distillation curve is available, bulk properties can be optional. However, bulk properties like molecular weight, mass density, Watson (UOP) K Factor, and bulk viscosities can increase the accuracy of calculations in HYSYS. In this simulation, the values of molecular weight and mass density for gas condensate were 120 and 756 kg/m 3 , respectively. Afterwards, the oil should be installed in the flowsheet. Finally, in the main simulation environments, two streams of gas condensate and DSO could be created. A brief process description is described as follows. Figure 2 indicates a brief Process Flow Diagram (PFD) of this process.
Process description
According to Fig. 2 , a stream of gas condensate with flow rate of 200,000 kg/hr at the ambient condition (27°C of temperature and atmospheric pressure) was mixed with 2000 kg/hr of DSO called feed. The pressure of feed stream had to be raised to 49 bara using the feed pump. Then, a hydrogen stream called Make-up H 2 stream with flow rate of 246 kg/hr and 99.9 mol % of purity was sent to a mixer using a compressor where it combined with a part of recycle hydrogen with 60 mol % purity from Amine Unit. The recycle hydrogen stream with flow rate of 30838.76 kg/hr, which was the outlet stream of Amine Unite, was divided into two equal streams. One of them was used as a quench stream which should also be divided into two equal streams and injected into UDHDS Reactor from two points between beds. Another one was sent to the mixer to mix with Make-up hydrogen. In order to increase the pressure of recycle hydrogen to 47 bara, a compressor was also applied. Then, blended hydrogen was combined with feed and this stream was called combined feed.
To save energy, heat exchange occurred between the combined feed and the outlet stream of UDHDS Reactor in the UDHDS Preheater. Afterward, the hot combined feed with temperature of 264°C entered the Furnace. The temperature of the furnace outlet stream should be kept constant at 330°C, which entered the UDHDS Reactor. This Reactor had quench streams of hydrogen between beds as reactions were exothermic and these streams could partially cool down the reactor.
UDHDS Reactor should be a trickle bed reactor. In the reactor, sulfur compounds were converted to H 2 S in the presence of catalyst and hydrogen, with high pressure and temperature around 40 bara and 330°C, respectively. To simulate the reactor in HYSYS, the general reactor mode was chosen and the relevant reactions were defined based on the conversion reactor model. Some of the most important chemical reactions taking place in this process are described as follows:
Reactor outlet stream was cooled in UDHDS Preheater to around 150°C. Then, this stream was sent to Hot Separator. In this separator, a stream of light hydrocarbons which was rich in H 2 (50 % mol) containing H 2 S (1.1 % mol) was removed from top of the vessel at 16.5 bara and 147°C. The pressure of this stream decreased to 16.5 bara after passing through a valve and Hot Separator. The top stream of Hot Separator after mixing with water used to wash ammonium, was cooled to 40°C and sent to Cold Separator. The temperature of this stream should be reduced to 40°C in two steps. First, it was cooled to 105°C using an Air Cooler. Then, this stream entered a Cooler in which its temperature reached 40°C. Water was utilized as a coolant in this cooler. Figure 3 shows the scheme of the reaction section of the UDHDS unit which was simulated using the Aspen HYSYS software. Rich H 2 with 4 % (wt) of H 2 S exiting from the top of the Cold Separator entered the Amine Treating Column. This column removed H 2 S from H 2 stream using a counter current amine solution stream (20 wt% DE Amine solution), at the high pressure about 14 bara and the low temperature about 45°C. Treated H 2 with about 29 mol ppm H 2 S exited from the top of Amine Column and then left the section. To avoid the accumulation of light hydrocarbon gases, a large proportion of this stream (99 %) returned to UDHDS unit by a compressor and the rest was sent to flare. The scheme of simulated Amine unit (Aspen HYSYS) is shown in Fig. 4 .
The water stream from the boot of the Cold Separator called sour water left this system as waste. The outlet stream from the bottom of the Hot Separator including liquid hydrocarbon was combined with Cold Separator bottom stream and was fed into the Stripper for H 2 S stripping. It was assumed that pressure of Stripper was around 15 bara. Having passed through the stripper condenser, the light gas stream made up of methane, ethane, H 2 , H 2 O, and H 2 S left the reflux drum of Stripper and entered the Amine plant where it was used as the fuel gas.
The bottom stream of reflux drum containing liquid hydrocarbon returned to Stripper as the reflux stream. The outlet stream from the bottom of Stripper at temperature of 249°C should be sent to distillation section to fractionalize. The scheme of Stripper simulated using Aspen HYSYS is indicated in Fig. 5 .
In the distillation section the temperature of stripper bottom stream had to be raised to 310°C using distillation furnace. Furthermore, the pressure of this stream should be reduced to approximately 2.7 bara (using a valve) to enter the distillation column. The scheme of distillation section is shown in Fig. 6 . The high pressure steam at temperature of 350°C and pressure of 12.8 barg was injected to the bottom of distillation column. The temperature of the top stage of distillation column was simulated to be around 94°C. Then this flow was cooled to around 74°C using the condenser of the distillation column.
The water stream is removed from the bottom of the distillation reflux drum. Also, light gases eliminated from top of the reflux drum combined with the liquid flow removed from the bottom of reflux drum. Then, this stream after cooling using an air cooler and a cooler was sent to a separator to eliminate the remaining water. The water stream from the bottom of this separator was mixed with the water from the bottom of the distillation reflux drum. It could be saved or be sent out of this plant.
The dehydrated hydrocarbon stream leaving the separator was sent to Debutanizer column containing 10 trays in which a stream of butane from the top of this column and a stream of light naphtha from its bottom were obtained. These light products contained no sulfuric components. Figure 7 indicates the scheme of Debutanizer column. The side stream drawn from the 26th tray of the distillation column was called heavy naphtha and it was sulfur free. This product should be cooled using an air cooler and a cooler to reach the ambient temperature (27°C). The second side stream of the distillation column drawn from tray 28 was sent to a side stripper called kerosene side stripper. The steam at temperature of 350°C and pressure of 13.8 bara (12.8 barg) was fed to the kerosene side stripper.
The bottom product of this column known as kerosene should be cooled using an air cooler and a cooler to reach the ambient temperature. The third side stream of the distillation column exiting from tray 29 went to the gasoil side stripper. The steam at temperature of 350°C and pressure of 13.8 bara entered this column.
The bottom stream of this column called gasoil should be cooled using an air cooler and a cooler to reach the ambient temperature. Finally, the small amount of hydrocarbons called Bottom Product of Distillation column left the bottom of the distillation column which had to be cooled to reach the ambient temperature using an air cooler and a cooler. These clean products of butane, light naphtha, heavy naphtha, kerosene, gasoil, and condensate can be stored in the storage tanks.
Results and discussion
Aspen HYSYS software was used to simulate the UDHDS unit for a mixture of gas condensate and DSO. It was shown that this process involved three general sections: reaction, stripping, and distillation. The tray stripper was used to remove hydrogen sulfide from gas condensate. Based on the simulation result, Stripper required 20 stages to remove the significant amount of H 2 S from the gas condensate. Moreover, the feed stream entered the stripper from tray 5.
The bottom product of Stripper known as the clean gas condensate included no H 2 S and its total sulfur content was simulated to be less than 10 ppmw as sulfur. Afterward, to obtain different fractions, this bottom product was sent to a distillation column involving 30 stages. The gas condensate is composed of many components with boiling points covering a great range of temperatures. Each product has a boiling range having an initial boiling point (I.B.P.) and a final boiling point (F.B.P.). There are different ranges of boiling points for different cuts indicated in the literature. Some of them are shown in Table 5 . In the present study, the boiling point ranges of different cuts were defined based Fig. 3 The scheme of the reaction section of UDHDS unit Fig. 4 The scheme of the Amine unit on the data elicited from the Website of Chevron Company [14] , which is shown in the third column of Table 5 .
In order to recognize each cut, the range of its boiling points should be considered and compared. According to the data of Table 5 and the range of boiling points of gas condensate listed in Table 1 , the volumetric rate of each cut could be estimated and used as initial values to simulate this unit using the Aspen HYSYS software. As a result, it was assumed that the estimated volumetric rates of light naphtha, heavy naphtha, kerosene, and gasoil were approximately 12, 40, 18, and 19 % (volumetric percent) of gas condensate (40,000 barrel per day), respectively.
The simulation results revealed that five different cuts were fractionized from the clean gas condensate using distillation section. The sulfur content of each cut was less than 30 ppmw as sulfur. The simulation results based on the mass balance are summarized in Table 6 . Regarding Table 6 , it can be concluded that butane, light naphtha, and heavy naphtha streams were sulfur free. However, kerosene and gasoil products contained 11 and 27 ppmw as sulfur, respectively. Furthermore, the bottom product of distillation column involved approximately 29 ppm as sulfur.
To efficiently understand this process, some of the key performance indicators of UDHDS Process were summarized in Table 7 . H 2 consumption is considered as one of the key performance indicators of this process which was defined as the ratio of the volumetric rate of required hydrogen (at normal condition) to the volumetric rate of feed. It should be taken into account that H 2 consumption was evaluated based on the rate of hydrogen required to react with all the sulfuric components of feed and remove them. To calculate the yield of liquid product on feed, the mass flow rate of the bottom stream of Stripper called clean gas condensate was divided by the mass flow rate of feed (a combination of gas condensate and DSO).
UDHDS process path forward
Using the simulated UDHDS unit plus distillation section, the South Pars refinery would be able to treat 400,00 barrel per day of gas condensate and remove about 300 barrels per day of DSO. Major modification envisaged includes the optimization of suggested UDHDS process in this study.
Varying different operation conditions and process variables like temperatures, the number of stages of stripper and distillation columns, to name but a few, one can optimize this process to obtain the highest performance with the least cost. Some mathematical methods like Response Surface Methodology (RSM) and Artificial Neural Network (ANN) can be used as efficient tools to optimize this process, in the future studies. In the cases that the lower amount of sulfur content in gas condensate will be required, some essential modification can be carried out as follows: A larger reactor Reducing LSHV The larger amount of H 2 /Oil ratio Stripper with more stages
Conclusion
The present study was based on the simulation of an industrial process in which the simulation can be used as a tool to predict the quality of products of this process. In order to obtain the ultra-low sulfur gas condensate and remove DSO stream from the South Pars refinery, a UDHDS unit was simulated. Not only could the simulated UDHDS unit reduce the sulfur content of gas condensate to less than 10 ppmw as sulfur, but it could also remove DSO which was considered as a serious environmental issue. Subsequently, to obtain the ultra-low sulfur cuts from the clean gas condensate, a distillation section involving two side strippers and one debutanizer column was simulated. The simulation of UDHDS unit and distillation section was conducted using the Aspen HYSYS software package. The simulation results showed that five cuts involving butane, light naphtha, heavy naphtha, kerosene, and gasoil could be fractionized from gas condensate using a distillation unit. The sulfur content of Fig. 7 The scheme of Debutanizer column Yield of liquid product on feed, %
